We show recent results from the Mainz group using N f = 2 + 1 CLS ensembles generated at the SU(3) symmetric point. Temporal correlation functions using two-baryon interpolating operators are calculated with the distillation method. In addition to the spin-0 operators relevant for studying the H dibaryon, we added spin-1 operators to our basis, thereby extending our results to other flavor sectors. These preliminary results show a finite-volume energy below the ΛΛ threshold. Further calculations are necessary to establish whether the H dibaryon is bound at the physical point.
Introduction
Searches for the elusive H dibaryon, 1 an SU(3) flavor singlet with J P = 0 + and quark content uuddss, have persisted since its prediction by Jaffe in 1977 [2] as a deeply bound state of a two Λ baryon system. Various theoretical model calculations predict a wide spread of masses, ranging from deeply bound to unbound with respect to the ΛΛ threshold [1] . Constraints from the "NAGARA" event have given an upper limit for the H-dibaryon binding energy of approximately 7 MeV at the 90% confidence level [3] , which is drastically smaller than the original bag model prediction of around 80 MeV.
Lattice results with N f = 3 dynamical quarks have been performed by the NPLQCD [4] and HAL QCD [5] collaborations, which both indicate the existence of a bound H dibaryon but with drastically different binding energies for m π ≈ 800 MeV. Further results with N f = 2+1 dynamical quarks have also been performed by these two collaborations, with NPLQCD reporting evidence for a bound H dibaryon at pion masses of 230 MeV and 390 MeV [6] , and HAL QCD indicating that the H dibaryon may be a ΛΛ resonance using nearly physical quark masses [7] .
Recent lattice results from the Mainz group using N f = 2 ensembles with a quenched strange quark also demonstrate a bound H dibaryon for an SU(3)-symmetric and SU(3)-broken setup with pion masses of 960 MeV and 440 MeV, respectively [8] . These results also include an analysis based on Lüscher's finite-volume quantization condition [9, 10] in the SU(3)-symmetric case to assess the finite-volume effects there. In the following, we describe the recent progress from the Mainz group on extensions to N f = 2 + 1 ensembles at the SU(3) symmetric point.
Lattice Methodology
The gauge ensembles used in this work, shown in Table 1 , were generated as a part of the Coordinated Lattice Simulations (CLS) N f = 2 + 1 effort [11] . These ensembles use non-perturbatively O(a)-improved Wilson fermions and the tree-level O(a 2 ) improved Lüscher-Weisz gauge action. Although many of the ensembles are generated with open boundary conditions in time in order to avoid the freezing of the global topological charge on fine lattices, we also make use of an ensemble with periodic boundary conditions in time for the gauge fields. The rationale for our choice of ensembles was from an interest in the finite-volume dependence, as each of these ensembles have different volumes but are otherwise similar.
As was demonstrated in Ref. [8] , the distillation method [12] offers a substantial improvement to the quality of data at a similar cost compared to the use of smeared point sources. 2 Therefore, we exclusively use distillation on the N f = 2 + 1 ensembles. This method takes advantage of Laplacian Heaviside (LapH) smearing applied to the quark fields, allowing for a projection of the quark propagator onto the N LapH lowest modes of the gauge-covariant Laplacian and thereby reducing the number of inversions required to compute timeslice-to-all propagators. In order to determine the number of eigenvectors of the Laplacian needed, a comparison of the effective energy for an Table 1 : The N f = 2 + 1 CLS ensembles used in this work. N LapH is the number of modes of the gaugecovariant Laplacian used in the method of distillation, and N tsrc is the number of source timeslices used. The boundary conditions refer to those used for the gauge fields in the temporal direction.
octet baryon was made with various values of N LapH . As N LapH becomes small, the statistical error increases, but the plateau also occurs at an earlier timeslice. Thus a comparison is made between the statistical error on the effective energies relative to their respective plateau onset. This allows for a relatively modest number of eigenvectors.
Interpolating Operators
The original bag model prediction by Jaffe described a tightly bound six-quark color singlet hadron, which qualitatively resemble the hexaquark operators used in Ref. [8] . However, it was found in that study that these hexaquark operators had slower ground-state saturation as compared to two-baryon operators, and that by the time the plateau had been reached the noise did not allow for a statistically significant shift from the ΛΛ threshold to be determined. One could qualitatively explain this poor overlap of the hexaquark operators onto the ground state as being due to a small binding energy, and thus the H dibaryon may more closely resemble a loosely bound two-baryon state.
For the reasons stated above, and due to the high contraction cost for hexaquark operators in the distillation method, we only consider baryon-baryon operators in this work. These operators are constructed from individually momentum-projected octet baryon operators of the form
where C is the charge conjugation operator and P + = 1+γ 0 2 is a projector to positive parity. From these single-baryon operators, spin-zero and spin-one combinations can be constructed respectively in the following way
For the H-dibaryon sector, we need to form I = 0, S = −2 spin-0 operators that are flavorsymmetric (the anti-symmetric flavor combinations do not contribute to J P = 0 + ). This can be done with ΛΛ, ΣΣ, and NΞ operators, 3 which can further be combined so as to transform according to definite irreducible representations (irreps) of SU(3) flavor [13] . Although the H dibaryon lives in the 1 1 1-dimensional irrep, this irrep will mix with the 2 2 27 7 7-and 8 8 8-dimensional irreps upon SU(3) symmetry breaking, and therefore it is important to study each of them, even in the SU(3) symmetric case. We have also computed correlators involving the spin-1, I = 1, and flavor anti-symmetric operators, with preliminary results shown in the top right of Fig. 1 . Lastly, due to the reduced rotational symmetry of a cube, it is important to make sure our operators transform irreducibly under the lattice symmetry group. To this end, a PYTHON package was developed to ensure the correct transformation properties of all our operators.
Results
The distillation method allows us to obtain estimates for two-point temporal correlation functions involving the two-baryon operators introduced in the previous section. We briefly outline the data analysis techniques used to extract the finite-volume spectrum from these correlators. These methods have become standard practice in the field of spectroscopy and proceed by forming a generalized eigenvalue problem (GEVP) from a matrix of correlation functions as described in Ref. [14] . The correlation matrices are formed from each set of operators that all share the same quantum numbers 4 and have the form
where the index on the operators label all properties of the given operator. The GEVP can be reformulated as an ordinary eigenvalue problem of the form
where n labels the different eigenvectors/eigenvalues and τ 0 is referred to as the metric time. The eigenvalues can be shown to behave as λ n (t, τ 0 ) ∝ e −E n t to leading order [14] . As an initial analysis, in order to avoid the complications involved with performing eigenvector pinning, a diagonalization is performed at a particular time t = τ D , and then the eigenvectors at τ D are used to rotate C −1/2 (τ 0 )C(t)C −1/2 (τ 0 ) for all other times. Finally, single-exponential correlated fits to the diagonal elements are used to extract the energies E n in each channel. The ground state energies extracted using spin-0 operators at rest for each ensemble and spin-1 operators at rest for U103 are shown in Fig. 1 . We have also calculated correlators in moving frames for each ensemble. Diagonalized effective energies on H101 in three moving channels relevant for the H dibaryon are shown in Fig. 2 . One can also construct both flavor-symmetric and antisymmetric operators that transform in the 8 8 8-dimensional irrep of SU (3), which effectively enlarges the basis of operators in this case. Thus we are able to extract six energies after diagonalization using these operators in the P 2 = 1 frame, which are shown in Fig. 3 for H101. For all these results, values of τ 0 /a = 8 and τ D /a = 12 were chosen. It was explicitly verified that the rotated correlator matrices remained diagonal for t > τ D , but systematic errors due to choices of the operator basis, the metric time, the diagonalization time, etc. have not yet been assessed. For instance, it was determined in Ref. [14] that if τ 0 is chosen sufficiently large, then the leading order correction to the nth eigenvalue falls off much faster than one might naively expect, and thus one can improve their results dramatically by properly choosing τ 0 .
Discussion and Outlook
The distillation method has allowed for a very precise extraction of the energy spectrum by solving a GEVP for correlation matrices in multiple channels. The results shown in Fig. 1 naively indicate the presence of a bound state in the H-dibaryon channel, even as the volume increases, but a full Lüscher analysis is necessary to properly assess the finite-volume corrections. Further, in some cases, excited-state contamination appears to be prevalent, as can be seen, for instance, by the persisting downward trend in the top right panel of Fig. 2 . It might be possible to suppress the leading order corrections to the diagonalized correlators by better choices of the metric time τ 0 , or by performing two-exponential fits. All of these issues, including effects from other sources of systematic error, are being pursued presently.
It has also been demonstrated from chiral effective field theory that SU(3) breaking effects are significant and must be properly considered [15, 16] . Hence, we have begun calculations on N f = 2 + 1 CLS ensembles away from the SU(3) symmetric point. Of course, this involves a more complicated analysis due to the coupled ΛΛ-ΣΣ-NΞ channels. And, as we begin to analyze the J P = 1 + sector using the spin-1 flavor anti-symmetric operators, the inclusion of multiple partial waves becomes more important due to the physical 3 S 1 -3 D 1 mixing.
